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StructureStructure

nn Long range order of atoms in a latticeLong range order of atoms in a lattice
(1D(1D……3D3D……6D)6D)

nn periodic (crystalline) periodic (crystalline) ––  aperiodic aperiodic ((quasicrystallinequasicrystalline))
nn deviations deviations ÆÆ disorder, defects disorder, defects
nn short-range ordershort-range order
nn re-ordering, transformations, ... as a function ofre-ordering, transformations, ... as a function of

external fieldsexternal fields
nn dynamics - kinetics (time dependence)dynamics - kinetics (time dependence)



Structural fluctuations:Structural fluctuations:
„„disorderdisorder““

nn displacivedisplacive/positional/positional
nn chemical/chemical/substitutionalsubstitutional

nn domain-likedomain-like

nn modulated/superstructuremodulated/superstructure
nn orientationalorientational  ÆÆ  liquid crystalsliquid crystals
nn phasonicphasonic  ÆÆ  quasicrystalquasicrystal

{{ twin
chemical
out-of-phase
layer-stacking



Scattering IScattering I

GeneralGeneral
Amplitude of a scattered wave:Amplitude of a scattered wave:

A(A(QQ) = ) = ÚrÚr((xx) ) expexp((iiQxQx))ddxx
Intensity:Intensity:

I = A(I = A(QQ)A)A**((QQ) ) ´́ < <rr((xx) ) **  rr(-(-xx)>)>
If an average structure exists:If an average structure exists:

rr((xx) = <) = <rr((xx,t)>,t)>xx,t,t +  + DrDr((xx,t),t) (<(<DrDr> = 0)> = 0)
              average              average                fluctuations (static, dynamic)fluctuations (static, dynamic)

F.T.F.T.{{rr} } ≡≡  FF((QQ,,ww) = ) = F.T.F.T.{<{<rr>} + >} + F.T.F.T.{{DrDr} } ≡≡ < <FF((QQ)> + )> + DDFF((QQ,,ww))



Scattering IIScattering II

Average structure (periodic or Average structure (periodic or aperiodicaperiodic))
<<rr> = <> = <rrcc> > ** l; < l; <rrcc> = 1/N > = 1/N ÂÂii  rrii;; l = lattice in l = lattice in nDnD-direct space -direct space ¬¬nn

  

<A> = <<A> = <FF> > ⋅⋅ L =  L = ÂÂi i <<FF> > exp exp ((iiQrQrii); ); L= lattice in L= lattice in nDnD-reciprocal space -reciprocal space ¬¬**nn

((** denotes convolution product) denotes convolution product)

PattersonPatterson function function ( (autocorrelation functionautocorrelation function))
 < <rr(x)(x)  **rr(-x)>(-x)>                = <(<= <(<rr>+>+DrDr))  **  (<  (<rr>+>+DrDr)>)>

         = <         = <rr>>  **<<rr> )  + <> )  + <DrDr>>  **<<DrDr> > 
F.T.F.T.(<(<rr(x)(x)  **rr(-x)>(-x)>))    = <A><A*>    + <    = <A><A*>    + <DDA A DDA*>A*>

         = |<F>|         = |<F>|22L      L          + < + < ÂÂii  ÂÂjj  DDFFii  DDFFjj
**  expexp  ((iiQQ((rrii--rrjj))>))>

           =          = IIBraggBragg                        ++  I  Idiffusediffuse  



Scattering III: Diffuse scatteringScattering III: Diffuse scattering

DDA = A -<A> = A = A -<A> = ÂÂi i ((FFii - < - <FF>) >) exp exp ((iiQrQrii))

        = = ÂÂi i ((DDFFii  exp exp ((iiQrQrii))

IID  D   =  =   ÂÂk k <<DDFFii  DDFFii+k+k*>*>ii  exp exp {{iiQQ((rrkk)})}

withwith  DDF = F = DDf f exp exp ((iiQQ((rr+ + DDrr))

DDf f ÆÆ substitutional substitutional ( (replacementreplacement) ) disorderdisorder
DDr r ÆÆ displacement disorder displacement disorder



Example 1: Example 1: DisplaciveDisplacive disorder disorder

DDrrii (small):  (small): exp exp ((iiQQDDrrii) ) ªª (1+  (1+ iiQQDDrrii + ...) + ...)
IID  D   = Nf = Nf22  ÂÂk k ÂÂii ( (QQDDrrii) () (QQDDrrii+k+k) ) exp exp {{iiQQ((rrkk)})}

nn thermal random vibrationsthermal random vibrations
IIDD = Nf = Nf22 Q Q22 < <DDrrii

22>>ii [= 1- [= 1-exp exp {-2W}]{-2W}]
nn periodic modulation: periodic modulation: DDrrnn  = = DD  oocoscos((qrqrnn))
  IID D = (Q= (QDD))2 2 ÂÂHH  dd((Q-HQ-H  ±±  mmqq))

(i.e. satellite scattering at positions m(i.e. satellite scattering at positions m  ⋅⋅  qq, m= , m= ±±11±±2, ...)2, ...)

longitudinal wave, q=0.19



Example 2: Example 2: substitutionalsubstitutional disorder disorder

ccii,j,j  = concentrations of species i,j= concentrations of species i,j
ppi,i,jj

n n ==conditional probability to find species j atconditional probability to find species j at
distance distance nn from a site  from a site occocc. by species i, . by species i, nn= lattice vector= lattice vector

nn random:random:  IID D  = N < = N <DDFF22> = > = NNcc  ÂÂiiÂÂjj  cciiccjjffiiffjj** [p [pijij
00//ccjj-1]-1]

nn random, binary: Irandom, binary: IDD =  = NNccccAAccBB((ffAA--ffBB))2  2  ((LaueLaue monotonic  monotonic scattscatt.).)
nn short range correlated: Ishort range correlated: IDD ( (IIsrosro) ~ ) ~ ÂÂn n ÂÂii  ÂÂjj  cciiccjjffiiffjj  aaijij

nn cos cos((QnQn))
with: with: aaijij

nn = 1- ( = 1- (ppijij
nn//ccjj) (Warren-) (Warren-Cowley sroCowley sro-parameter)-parameter)

nn periodic modulation: periodic modulation: DDffnn= = ffoocoscos((qrqrnn))
IID D ~ f~ foo2 2 ÂÂHH  dd((Q-HQ-H  ±±  qq) (satellite pair)) (satellite pair)

occupational disorder
50% of atoms replaced



Example 3: Domains (two types)Example 3: Domains (two types)

coherent lattices, two different structures Fcoherent lattices, two different structures F11, F, F22,,
random distribution of Frandom distribution of F11, F, F22 with  with –– on the average  on the average ––
same probabilities. Box function same probabilities. Box function b(x):b(x):

F1        F2 F1  F2        F1       F2            F1         F2    F1  F2    F1
1.....

0.....

Diffraction Diffraction B(B(HH) = ) = F.T.F.T. of b( of b(xx):):
I~ Z(I~ Z(HH) |<F() |<F(HH)>|)>|22 + |Z( + |Z(HH))DDF(F(HH) ) ** B( B(HH)|)|22
<F(<F(HH)> = )> = __ (F (F11+F+F22); ); DDF(F(HH) = ) = __ (F (F11-F-F22))

Features:Features: 
•sharp and diffuse peaks at any lattice point
•sharp peaks governed by <F(H)>, diffuse by DDF(F(HH))
••diffuseness due to convolution product Z(diffuseness due to convolution product Z(HH) ) ** B( B(HH))

lamellar domain disorder



Disorder Disorder of of the the second second kindkind: : loss loss of LROof LRO
no no average structureaverage structure: : lattice replaced by distributionslattice replaced by distributions
1D 1D exampleexample
d(z)d(z)      distribution function  distribution function of of first neighbourfirst neighbour
mean mean distance   distance        < <c> = c> = ÚÚ  zdzd(z) (z) dzdz
mmthth neighbour neighbour:   :         d(z) d(z) ** d(z)  d(z) ** d(z)  d(z) ……  ** d(z) d(z)
diffuse intensity:   I(l) ~ |diffuse intensity:   I(l) ~ |FFmolmol||22 |D(l)| |D(l)|22
model:model:    d(z) = 1/   d(z) = 1/phph22  expexp{-z{-z22//hh22} (} (gaussiangaussian))
mmthth  diffuse peak:  height ~ |D(m)|diffuse peak:  height ~ |D(m)|22 ~ 1/m ~ 1/m22; width ~m; width ~m22



Summary Summary - - DiffractionDiffraction

nn modified Bragg reflectionsmodified Bragg reflections
  ((positionposition, , intensityintensity, , shapeshape))
  ÆÆ  average crystal structureaverage crystal structure, i.e. , i.e. single atom sitessingle atom sites

      ((coordcoord., ., occocc., ., mean square displacementsmean square displacements))
nn additional additional „„reflectionsreflections““ ( (satellitessatellites, , srosro--peakspeaks))
  ÆÆ  superordersuperorder, , domainsdomains, , limited correlation lengths limited correlation lengths ((srosro))
nn diffuse diffuse scatteringscattering extended  extended in (3D in (3D or nDor nD) ) reciprocal spacereciprocal space
  ÆÆ  provides information provides information on on behaviour behaviour of of pairspairs of  of atomsatoms
  ÆÆ                          ““                                  about distribution functionsabout distribution functions

FT of square box 
filled with 800 atoms



X-X-raysrays vs. vs. neutrons neutrons 0.5  0.5 ££  ll  ££ 2.5 2.5ÅÅ
I. General I. General aspectsaspects

useuse of of  bothboth  x-x-rays rays and and neutronsneutrons
isotope replacementanomalous scatteringcontrastingcontrasting of  of DDff

lowlowhigh (soft matter)high (soft matter)radiation damageradiation damage

incoherentincoherent, , inelasticinelastic
((separable by analyserseparable by analyser))

fluorescencefluorescence, TDS, TDSbackgroundbackground

nuclearnuclear
no form no form factorfactor
ÆÆ high Q high Q
irregular variationirregular variation

electronic cloudelectronic cloud
formform factor factor
ÆÆ  Int. Int. decreasesdecreases at high Q at high Q
dependent dependent on Zon Z22

elastic scatteringelastic scattering

lowlow  ÆÆ  sample environmentsample environmenthigh high ÆÆ  small samplessmall samplesabsorptionabsorption
neutronsneutronsX-X-raysrays



II.II. Practical Practical/experimental/experimental
  aspectsaspects
1. Diffuse 1. Diffuse intensities areintensities are
        (in (in most casesmost cases) ) weakweak

ÆÆ strong strong x-x-rayray
((synchrotronsynchrotron)/)/
neutron sourcesneutron sources

ÆÆ focussing beamfocussing beam
geometriesgeometries

ÆÆ low backgroundlow background
((sophisticatedsophisticated
shieldingshielding, , neutronneutron
guidesguides))

Brilliance of synchrotron sources

current reactor sources



II.II. Practical Practical/experimental/experimental aspects aspects

2. Distribution of diffuse2. Distribution of diffuse intensities intensities in in reciprocal space reciprocal space
anisotropically extendedanisotropically extended,, smoothly varying smoothly varying
ÆÆ relaxedrelaxed Q- Q-resolutionresolution  ÆÆ neutrons neutrons
ÆÆ resolutionresolution,, scanning scanning, , focussingfocussing
ÆÆ area detectorsarea detectors: IP: IP‘‘s, CCD, N-IP (s, CCD, N-IP (lowlow  gg--backgroundbackground))
closeclose to/ to/beneath Bragg reflectionsbeneath Bragg reflections,, satellite scattering satellite scattering
ÆÆ highhigh angular resolution angular resolution  ÆÆ highly highly  collimatedcollimated

synchrotron beamssynchrotron beams
ÆÆ energyenergy/time/time resolution resolution  ÆÆ TOF  TOF diffractometrydiffractometry



3. Diffuse intensity obscured by3. Diffuse intensity obscured by
   non-monochromatic radiation   non-monochromatic radiation

ÆÆ high wavelength- (high wavelength- (QQ-) resolution -) resolution ÆÆ synchrotron synchrotron
4. Displacement disorder 4. Displacement disorder DDrr

ÆÆ details may only be seen at high details may only be seen at high QQ  ÆÆ neutrons neutrons
5. Inhomogeneous disorder: types and degrees in one sample5. Inhomogeneous disorder: types and degrees in one sample

ÆÆ scanning micro -diffraction: SXD (micro-focussed x-rays)scanning micro -diffraction: SXD (micro-focussed x-rays)
6. 6. DisorderDisorder: : phase fluctuations phase fluctuations ÆÆ  „„specklespeckle““  patternspatterns

  (XPCS, X-Ray Photon (XPCS, X-Ray Photon Correlation SpectroscopyCorrelation Spectroscopy))

II.II. Practical Practical/experimental/experimental aspects aspects



ZirconiaZirconia

ZrOZrO22 { M2+ O: M=Ca, Mg,...
M2

3+O3: M=Y, Yb, Sc
and/or: exchange O2- by N3-

CSZ, YSZ, ... (Ca, Y,... Stabilized Zirconia) cubic
PSZ (Partially Stabilized Zirconia) cub.+tet.+mon.
TZP (Tetragonal Zirconia Polycrystal) tet.+cub.
SCZ (Scandia Doped Zirconia) ‚cub‘Æ rhomb.

O vacancies Æ ionic conductivity Æ sensor, fuel cell, ...
higher concentrations Æ short range order Æ long range order
                                  Æ optimum conductivity at ~ 10 mol%

Fluorite
   Zr (Y)
   O (N, vacancies)



ZrZr0.960.96YY0.040.04OO1.641.64NN0.2230.223
single crystalsingle crystal

Experiment: E2/HMI; 0th layer of [1-10] zone 

Calculation: 2 clusters along [001]

Model cluster



Refinement Refinement of of model clustermodel cluster
no correlations



ComparisonComparison
x-x-rayray//neutronneutron

ZrZr0.960.96YY0.040.04OO1.641.64NN0.2230.223

ßß neutronsneutrons: : QQ--rangerange
largerlarger

ßß characteristiccharacteristic
structuresstructures of diffuse of diffuse
scattering are similarscattering are similar

ßß small differencessmall differences
caused by caused by OO



Anomalous scatteringAnomalous scattering

CSZ15 – ZrK edge 
DESY/F1, image plate

l=0.699Å

l=0.679Å

arbitrary scale



SuperstructureSuperstructure
reflectionsreflections

Sc doped Zirconia
(90 mole% ZrO2, 
10 mole% Sc2O3)

rhombohedral + cubic

E2, HMI Berlin
l=0.91Å



QuasicrystallographyQuasicrystallography

nn aperiodic aperiodic orderorder
nn tt--scaling symmetryscaling symmetry  ÆÆ

selfself--similaritysimilarity
nn non-non-crystallographiccrystallographic

symmetrysymmetry
(5-,10-,12-(5-,10-,12-foldfold))

nn local isomorphismlocal isomorphism
nn icosahedralicosahedral, , decagonaldecagonal

phasesphases
Single grain of icosahedral Ho-Mg-Zn



Decagonal phaseDecagonal phase: : typicaltypical diffuse diffuse
phenomena phenomena in in the quasiperiodic the quasiperiodic planeplane

diffuse streaks

Al62Cu20Co15Si3

diffuse scattering
near Bragg
reflections
Al70Co15Ni15

sro maxima

Al72Co16Ni12



Temperature dependence Temperature dependence of diffuseof diffuse
scatteringscattering: : neutronneutron vs. x- vs. x-rayray

800°C
950°C

neutron x-ray



Neutron TOF Neutron TOF measurementmeasurement

ISIS SXDISIS SXD
AlAl7171NiNi1616CoCo1313 (QX39) (QX39)
T=30KT=30K
hh11hh22hh33hh440-0-layerlayer

Maximum Q-Maximum Q-valuevalue
correspondscorresponds to 2.5 to 2.5ÅÅ-1-1

compared compared to ~1to ~1ÅÅ-1-1  forfor
x-x-raysrays (0.71 (0.71ÅÅ))



Comparison Comparison x-x-ray ray and and neutron scatteringneutron scattering
Advantages of neutron
methods
ß  Contrasting of TM

atoms
ß Suppression of TDS
ß sample environment

(heating)
ß sample size:

integration

In
t. 

(lo
g)

Q (Å-1)

n: decrease with T



h

Diffuse Diffuse layer layer line systemline system

[h1h2h30l]-layer [h1h2h3h40.5]-layer



Temperature dependence Temperature dependence of diffuseof diffuse
background background AlAl7272CoCo1616NiNi1212

Fitting with power law gives
Tc= 911±3°C, bª0.36

Scans along l, 2nd diffuse layer
h=0, k=0.4, IN8/ILL cooling cycle



Temperature dependence Temperature dependence of of srosro--maximamaxima

Fitting with power law gives
Tc= 933±13 °C, bª0.18

Area detector measurement, 
1st diffuse layer, D10/ILL

780 °C 900 °C



Anomalous ScatteringAnomalous Scattering
ExperimentExperiment

decagonaldecagonal Al Al7272CoCo1616NiNi1212
ESRF/D2AMESRF/D2AM
close close to to the the Co-KCo-Kaa edge edge
(7.7 KeV, 7.4 KeV)(7.7 KeV, 7.4 KeV)
Integrated intensityIntegrated intensity
ªª 10%  10% changechange ( (afterafter
correctionscorrections))

scan through the diffuse background 
at l=0 position, small Q 



Modulation of diffuse Modulation of diffuse layerslayers::
computer simulationcomputer simulation

columnar
cluster model

experiment         calculation

structure
model



FinalFinal remark remark - Software - Software

Data recordingData recording ( (againstagainst time time or or monitor-rate), monitor-rate), data storage data storage
nn single detectorsingle detector,, optimum scanning optimum scanning,, resolution considerations resolution considerations
nn Area detectorsArea detectors

dynamic rangedynamic range
efficiency calibrationefficiency calibration (IP, CCD, (IP, CCD, multidetector multidetector))

((ÆÆ  storagestorage of of raw data raw data))
background subtraction frombackground subtraction from diffuse diffuse signals signals ( (notnot trivial!) trivial!)

((ÆÆ  neutronsneutrons IP IP‘‘s?)s?)
ll/n-/n- contamination contamination??



FinalFinal remark remark - Software - Software

Data transfer intoData transfer into  ‚‚undistortedundistorted‘‘ reciprocal reciprocal (Q-) (Q-) space space
nn transformationtransformation of of coordinates coordinates
nn geometrical correctionsgeometrical corrections
nn weightingweighting of of pixels pixels
nn sectionssections,, integrations integrations

nn X-X-ray caseray case:: absorption correction absorption correction

Data analysisData analysis
nn qualitativelyqualitatively ( (modelsmodels))
nn quantitativelyquantitatively:: resolution corrections resolution corrections,, statistical descriptors statistical descriptors??
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Albite twin reflectionsAlbite twin reflections
and and connecting streakconnecting streak

©John H. Betts 2000

Jagodzinski et al.



Origin of disorder inOrigin of disorder in
crystals and crystals and quasicrystalsquasicrystals

nn coordination problems in a structurecoordination problems in a structure
nn cooperative precursors of phase transformationscooperative precursors of phase transformations

(e.g. melting)(e.g. melting)
nn final stages of irreversible processes final stages of irreversible processes –– phase phase

transitions (kinetics)transitions (kinetics)
nn electronics (Hume-electronics (Hume-RotheryRothery mechanism) mechanism)
nn strain release (strain energy)strain release (strain energy)
nn intergrowth (coherent/incoherent)intergrowth (coherent/incoherent)
nn entropy (qc-phases)entropy (qc-phases)



Applied electric fieldApplied electric field

YSZ single crystal,
15 mole% Y2O3
porous Pt electrodes



Fwhm Fwhm of diffuse of diffuse maximamaxima
 vs.  vs. electric fieldelectric field

Zirconia CSZ (15mol%CaO) – 1000K

0V

5V


